Background: The current standard of practice for an athlete to return to sport after anterior cruciate ligament (ACL) reconstruction is varied. Attempt to return to activity is typically advised 6 months after surgery, but functional performance deficits and gait abnormalities are often still evident and may have important implications on future function.
occurs within 6 months after ACL reconstruction. 24, 29, 49 Recent literature has challenged the emphasis for return to activity based on time alone, 31 and many groups have advocated the use of objective criteria to inform clinical decision making. 18, 46 Adequate strength symmetry and performance on functional tests have been suggested as markers by which clearance for activity should be measured. 12, 13, 24, 32, 33, 42, 46 Specifically, a battery of tests and measures, including quadriceps strength testing, 4 single-legged hop tests, and 2 selfreport questionnaires, have been utilized to aid the objective determination of RTS readiness after ACL injury 14 and reconstruction. 18 By these standards, fewer than half of athletes who are classified as noncopers before surgery pass these criteria 6 months after ACL reconstruction. 18 While the implications of poor clinical performance on RTS success after ACL reconstruction are clear, far less is known about the influence of abnormal movement patterns. Movement asymmetries in this population are nearly ubiquitous after ACL injury and reconstruction and have been reported to exist up to 2 years after ACL reconstruction. [15] [16] [17] [36] [37] [38] There is currently no evidence that establishes a link between movement asymmetries and poorer functional ability in ACLreconstructed athletes; however, movement asymmetries are implicated in both the development of osteoarthritis 3, 47 and the predisposition for a second catastrophic injury. 37 Specifically, abnormal joint motion has been suggested to be an instigating factor in the development of osteoarthritis in the ACL-injured knee. 3, 6 The first several months after ACL reconstruction appear to be a time of great vulnerability for athletes attempting to return to their previous level of activity. Not only are functional performance deficits 4, 18 and movement asymmetries 9, 17, 37, 38 commonplace, but the risk of reinjury is also the highest during this time frame. 25 Athletes with multiplanar biomechanical asymmetries at the hip and knee 1 year after ACL reconstruction are at least 3 times more likely to suffer a second ACL injury than those without these asymmetries. 37 Establishing a link between performance on clinical tests and movement asymmetries identified in a motion analysis laboratory could reduce the need for expensive biomechanical analyses and provide clinicians a surrogate, multipurpose assessment tool to inform critical RTS decision making.
To date, no studies have evaluated whether functional deficits and movement asymmetry coincide in ACLreconstructed athletes. Therefore, the purpose of this study was to compare the gait characteristics of athletes who pass and athletes who do not pass RTS criteria 6 months after ACL reconstruction. We hypothesized that only the noncopers who failed RTS criteria would demonstrate asymmetrical hip and knee mechanics. Specifically, we hypothesized that only the noncopers who failed RTS criteria would demonstrate (1) smaller peak knee angles, extensor moments, and peak absorption at the knee of the involved limb and (2) larger peak hip angles, extensor moments, and peak power generation of the involved limb.
MATERIALS AND METHODS
Forty-two athletes (30 male, 12 female; mean age, 29.3 6 10.8 years) classified as noncopers, using a validated ACL-deficient screening examination (Table 1) , 13 completed a functional and biomechanical gait assessment 6 months after ACL reconstruction. All patients were between the ages of 14 and 50 years; had participated regularly (!50 h/y) in cutting, jumping, and pivoting activities before their index injury; and had sustained a unilateral ACL rupture within 7 months of their initial clinical evaluation. An ACL rupture was confirmed by magnetic resonance imaging and clinical examination findings. Patients with symptomatic meniscal tears, large osteochondral defects (.1 cm 2 ), or associated grade III ligament strains were excluded. Ligament reconstruction was performed using a soft tissue allograft or a semitendinosus/gracilis autograft by a single orthopaedic surgeon. Each patient underwent a supervised, progressive postoperative rehabilitation protocol that focused on the resolution of joint effusion, range of motion deficits, quadriceps strength impairments, and functional limitations. 1 Patients returned for functional testing and biomechanical gait analysis 6 months after surgery. Quadriceps 20 were used to determine whether athletes passed or failed RTS testing. 18 Limb symmetry indexes were primarily calculated by dividing the performance of the involved limb by the performance of the uninvolved limb; in the case of the timed 6-m hop test, the performance of the uninvolved limb was divided by the performance of the involved limb. To pass RTS criteria, patients had to achieve at least 90% on each of the functional tests and measures (Table 1) . Patients who demonstrated performance scores below the cutoff value on 1 or more of these tests did not pass RTS criteria. Motion analysis was performed using a passive 8-camera system (120 Hz) (VICON, Oxford Metrics Ltd, London, United Kingdom) and an embedded 6-component force plate (1080 Hz) (Bertec Corp, Worthington, Ohio). Retroreflective markers were secured to the anatomic landmarks of the foot, ankle, shank, thighs, and pelvis of each patient to determine joint centers and segment pose; this marker set has been previously shown to have excellent intersession reliability. 10 Rigid shell clusters were secured to the pelvis and distal-lateral aspect of the shanks and thighs to track segment motion during gait. Patients were instructed to walk at their self-selected speed through the capture volume over the embedded force place. Speed was monitored for consistency (65%) using 2 infrared photocells placed 2.865 m apart. Gait trials were accepted if the patient maintained a consistent speed, avoided visual targeting of the force plate, and made isolated foot contact.
Data reduction was completed on 5 successful walking trials for each limb using custom LabVIEW (National Instruments, Austin, Texas) and Visual3D coding (C-Motion Inc, Germantown, Maryland). Kinematic and kinetic data were low pass filtered at 6 Hz and 40 Hz, respectively. Initial contact and end of stance were identified using a 50-N force plate threshold, and all trials were normalized to 100% of the stance phase and then ensemble-averaged before kinematic and kinetic data calculations. Joint angles were calculated using rigid body analysis with Euler angles, and internal joint moments and joint powers were calculated using inverse dynamics. Hip and knee kinematics and kinetics in the sagittal plane were examined from initial contact to peak knee flexion during the stance phase.
A mixed-model analysis of variance (ANOVA) was used to compare the limb symmetry of those who passed RTS criteria (''PASS'') and those who did not pass (''FAIL''). Where significant interactions were found, post hoc paired and independent t tests were used to evaluate the limb symmetry within each group and group differences, respectively. A priori significance level was set at .05. To identify whether clinically meaningful asymmetries or group differences coincided with statistically important differences, effect sizes (ES) were calculated when the limb asymmetries or limb differences between groups met or exceeded the minimal clinically important difference (MCID) values. Data collected from 10 uninjured athletes were used to determine the MCID between limbs for joint angles (knee and hip: 3°) and moments (knee: 0.04 NÁm/kgÁm; hip: 0.06 NÁm/ kgÁm). 11 Effect sizes were interpreted as small (0.2), medium (0.5), or large (0.8). 7 This study was approved by the university's review board. All patients provided written informed consent before their participation.
RESULTS
Twenty of the 42 (48%) patients passed RTS criteria 6 months after ACL reconstruction. There was no difference between the percentage of female patients (30%) and male patients (53%) who passed RTS criteria (P = .315), and mean gait speed did not differ between groups (PASS: 1.52 6 0.11 m/s; FAIL: 1.57 6 0.12 m/s; P = .143). Patients who failed RTS criteria were older, had a longer time period from injury to surgery, demonstrated lower strength and hop symmetry indexes, and reported poorer daily function when compared with patients who passed RTS criteria (Table 2) .
Joint Angles at Initial Contact and Peak Knee Flexion
There was no significant limb 3 group interaction for the knee flexion angle at initial contact (P = .057). Only the FAIL group demonstrated a larger flexion angle on the uninvolved limb compared with the involved limb (P = .027), although this difference was not clinically meaningful ( Figure 1 and Table 3 ). No limb 3 group interaction was found for hip flexion angle at initial contact (P = .368). A significant limb 3 group interaction was found for knee flexion angle at peak knee flexion (P = .023). Both the PASS (P = .012) and FAIL groups (P \ .001) had a smaller peak knee flexion angle on the involved limb when compared with the uninvolved limb, but only the FAIL group demonstrated limb asymmetry that was clinically meaningful (ES = 1.06) ( Table 3 ). There was no significant limb 3 group interaction for hip flexion angle at peak knee flexion (P = .243). A main effect of limb was identified (P \ .001); however, only the FAIL group demonstrated clinically meaningful asymmetry between limbs (ES = 0.48).
Joint Moments at Peak Knee Flexion
A significant limb 3 group interaction was found for internal knee extensor moment (P = .030). Both the PASS and FAIL groups demonstrated smaller knee extensor moments on the involved limb compared with the uninvolved limb (P \ .001), but the magnitude of the limb asymmetry was greater in the patients who failed RTS criteria than in those who passed (Table 3 ). There were no statistically significant interactions or main effects found for internal hip extensor moment (P ! .587) ( Table 4 ). Similarly, clinically meaningful limb differences in hip extensor moment were not found in either group.
Peak Joint Powers During Weight Acceptance
There was a main effect of limb for peak power absorption at the knee (P \ .001), showing that the uninvolved knee of both groups absorbed more power during weight acceptance than did the involved limb ( Figure 2 ). Peak power generation at the hip during weight acceptance was not different between the limbs of either group (P = .969). During the first 5% of the stance phase, however, only patients who failed RTS criteria had opposing hip strategies, generating power with their involved hip and absorbing power with their uninvolved hip (Figure 2 ).
DISCUSSION
The purpose of this study was to compare the gait characteristics of athletes who passed RTS criteria and athletes who did not pass RTS criteria 6 months after ACL reconstruction. Our data supported our initial hypotheses that patients who did not pass RTS criteria would demonstrate smaller peak knee angles and lower extensor moments on the involved knee. Interestingly, the expected compensatory strategy of increased ipsilateral hip extensor moments and power absorption was not found; rather, the poorly functioning patients appeared to rely on an altered contralateral hip strategy while simultaneously limiting motion and attenuating forces about the injured knee. The functional examination used to determine RTS readiness in this study appears most useful in identifying athletes with significant gait abnormalities after ACL reconstruction.
Patients who did not pass RTS criteria demonstrated statistically significant differences between limbs on all kinematic and kinetic variables at the knee. Specifically, lower peak knee flexion, knee extensor moment, and peak power absorption were characteristic of their reconstructed knee. Kinetic asymmetries at the knee were found in both groups of patients; however, the magnitude of knee extensor moment asymmetry in the patients who did not pass RTS criteria was more than twice that of the group who passed RTS criteria. Furthermore, knee joint motion asymmetries appeared to be characteristic of the group who did not pass RTS criteria. Early after injury, noncopers adopt a stiffened knee strategy by reducing the motion at the knee and co-contracting the supporting musculature in a likely attempt to avoid repeated episodes of joint instability. 39 It is apparent from our data and from previous findings 17, 38 that this stiffened knee strategy can persist in athletes in spite of successful ligament reconstruction and may more accurately reflect the functional deficits of those who do not meet RTS criteria. Values are expressed as mean (95% confidence interval). Bolded values indicate statistical significance. KEMPKF, internal knee extensor moment at peak knee flexion; KFAIC, knee flexion angle at initial contact; KFAPKF, knee flexion angle at peak knee flexion. Effect sizes calculated when differences between limb means exceeded the minimal clinically important difference value.
The compensatory movement behaviors of ACL-injured athletes are not confined to the reconstructed knee. The contrasting hip strategy found between the limbs of the patients who did not pass RTS criteria reinforces the concept that a unilateral ACL injury can elicit a ''bilateral kinetic response'' 16 by which the injured patient also adopts an altered neuromuscular strategy for the uninvolved limb. This contralateral hip compensation appears to persist even after surgery and supervised rehabilitation for some athletes. In addition to absorbing power in the uninvolved hip early during the stance phase, the patients who did not pass our RTS criteria appeared to ''overflex'' their uninvolved knee during weight acceptance. This specific adaptation has not previously been described in this group of ACL-reconstructed athletes but may be another manifestation of the aberrant contralateral limb-loading patterns adopted by some patients after surgery. 36, 37 The hip strategy of the patients who failed RTS criteria partially supported our second hypothesis concerning asymmetries at the hip. While clinically meaningful limb differences in peak hip flexion angle and hip power were found, these asymmetries appeared to stem more from a compensatory strategy of the uninvolved hip rather than from an adaptation of the involved hip. Although not originally hypothesized, this adaptation was not totally unexpected. Roewer and colleagues 38 also identified this strategy in noncopers 6 months after ACL reconstruction in which the uninvolved hip absorbed power and the involved hip generated power early in weight acceptance.
Our findings indicate that this asymmetry may be specific to noncopers with poorer functional performance after ACL reconstruction and does not wholly define this cohort of athletes.
The first several months after reconstruction represent a time of marked movement abnormalities 5, 9, 17, 37, 38 often in spite of high-level sport performance. 36, 37 Ideally, a cluster of clinical tests and measures assessing the functional abilities of athletes would directly and robustly relate to the comparable measures of biomechanical impairments. Our data indicate that while performance on clinical tests and measures demonstrates some relationship with meaningful movement deficits and asymmetry, they may be only part of the ideal formula for informing RTS decision making. Neuromuscular asymmetries during dynamic movement may not only affect sport performance but also be highly predictive of the risk of a second knee injury. Paterno and colleagues 37 prospectively followed 56 athletes for 1 year after their medical discharge to determine the biomechanical risk factors related to reinjury. Nearly one quarter of their patients experienced a second ACL injury. Increased knee abduction motion, asymmetry in internal hip rotation moment, asymmetry in knee extensor moments during a drop vertical jump, and deficits on single-legged postural assessment predicted the second Values are expressed as mean (95% confidence interval). HEMPKF, internal hip extensor moment at peak knee flexion; HFAIC, hip flexion angle at initial contact; HFAPKF, hip flexion angle at peak knee flexion. b Effect sizes were calculated when differences between means exceeded the minimal clinically important difference value. injury with excellent sensitivity (92%) and specificity (88%). In a cohort of nearly 300 ACL-reconstructed athletes, Laboute and colleagues 25 reported a nearly 3-fold increase in an athlete's risk of reinjury if the patient returned to activity within the first 7 months after surgery. Regardless of functional ability, returning to sport within 6 months of surgery may place athletes at an increased risk for reinjury, particularly if movement asymmetries are also present. Concurrent assessments of functional ability and movement symmetry may be the ideal method of assessment for RTS readiness in a group of athletes at great risk for second knee injuries. Three-dimensional biomechanical analysis of human movement, however, is time intensive, highly technical, and expensive. Ultimately, identification of highly sensitive and specific clinical correlates to the biomechanical measures predictive of poor function and risk of a second injury will enhance RTS decision making for these athletes. Perhaps of equal importance is the purported relationship between abnormal movement patterns and the development of osteoarthritis after ACL injury. Anterior cruciate ligament reconstruction alone cannot prevent degenerative joint changes, 23, 27, 44, 45, 48 as it is possible that the intra-articular cellular response that occurs early after injury already initiates this process. 26, 28, 34 The initiation and progression of osteoarthritis may be a result of a cyclic pattern of pathomechanics in the wake of ACL injury. 3, 47 By this proposed framework, the continued disturbance in the biomechanics of the joint by way of altered limb motion provides an intracapsular environment conducive to the degenerative process. 3 The abnormal movement strategies adopted in response to ACL injury are also not ubiquitously resolved with surgery. [15] [16] [17] [36] [37] [38] The persistence of these maladaptations during tasks as simple as walking may have serious consequences to the long-term health of the injured joint.
Our study population was limited to noncopers, who represent the poorest performing group of ACL-deficient athletes. Although the majority of ACL-injured athletes are noncopers, 21 these findings may not translate to all ACLdeficient patients who undergo reconstruction. Similarly, these data do not indicate that all noncopers who go on to fail RTS testing after ACL reconstruction demonstrate gross movement asymmetries, nor are all noncopers who go on to pass our RTS criteria after ACL reconstruction completely free of movement dysfunction. While concomitant assessment of functional performance and gait symmetry may enhance RTS decision making, widespread application of motion capture techniques is not feasible. The development and validation of RTS criteria that accurately identify athletes with movement asymmetries are warranted.
Noncopers are a notoriously variable group of ACLinjured athletes. 18, 30 Previous work has highlighted the difficulty with which these athletes resume normal function and adopt symmetrical movement strategies in the months after ACL reconstruction. 10, 17, 19, 38 In an attempt to more accurately characterize the movement patterns of these athletes after surgery, we stratified our cohort by functional performance on a validated clinical testing battery. 13 By this method, the lower functioning patients (ie, those who did not pass RTS criteria) demonstrated more meaningful limb asymmetries during gait than did their higher functioning counterparts. Furthermore, patients who failed RTS criteria were older and had a longer time from injury to surgery. While these factors may also influence RTS success in this cohort, examination of this relationship was not the purpose of this study.
To our knowledge, this work is the first to distinguish the movement patterns between higher and lower functioning athletes after ACL reconstruction. Importantly, athletes who have been classified as noncopers before surgery and then demonstrate poorer function after ACL reconstruction may be more likely to have clinically significant neuromuscular asymmetries compared with those who pass RTS testing. Movement asymmetries, specifically, are identifiable and modifiable risk factors for a second ACL rupture in athletes who have already returned to activity. 37 Additional targeted therapy may be warranted to address flawed movement mechanics and maximize function in some noncopers after ACL reconstruction. Neuromuscular interventions targeting abnormal and asymmetrical movement behaviors in athletes preparing to return to sport may not only enhance functional performance but also mitigate the risk for secondary injury and reduce the likelihood of developing debilitating osteoarthritis of the knee joint.
CONCLUSION
Our findings indicate that athletes who have been classified as noncopers before ACL reconstruction and who demonstrate poorer functional performance 6 months after ACL reconstruction present with more abnormal and asymmetrical gait behaviors than do their higher functioning counterparts. Validating functional RTS criteria with biomechanical measures of symmetry may provide clinicians with a testing battery that would accurately identify athletes with meaningful movement asymmetries after ACL reconstruction. Furthermore, this validation would allow widespread application of sensitive and specific clinical testing tools for assessing RTS readiness and may enhance the ability of sports medicine specialists to identify those athletes at increased risk for a secondary injury. Future work should evaluate whether the incidence of reinjury and the development of osteoarthritis are related to high levels of functional performance in the absence of movement symmetry.
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